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Canonical K ؉ channels are tetrameric and highly K ؉ -selective, whereas two-pore-domain K ؉ (K2P) channels form dimers, but with a similar pore architecture. A two-pore-domain potassium channel TWIK1 (KCNK1 or K2P1) allows permeation of Na ؉ and other monovalent ions, resulting mainly from the presence of Thr-118 in the P1 domain. However, the mechanistic basis for this reduced selectivity is unclear. Using ionexchange-induced difference IR spectroscopy, we analyzed WT TWIK1 and T118I (highly K ؉ -selective) and L228F (substitution in the P2 domain) TWIK1 variants and found that in the presence of K ؉ ions, WT and both variants exhibit an amide-I band at 1680 cm ؊1 . This band corresponds to interactions of the backbone carbonyls in the selectivity filter with K ؉ , a feature very similar to that of the canonical K ؉ channel KcsA. Computational analysis indicated that the relatively high frequency for the amide-I band is well explained by impairment of hydrogen bond formation with water molecules. Moreover, concentration-dependent spectral changes indicated that the K ؉ affinity of the WT selectivity filter was much lower than those of the variants. Furthermore, only the variants displayed a higher frequency shift of the 1680-cm ؊1 band upon changes from K ؉ to Rb ؉ or Cs ؉ conditions. High-speed atomic force microscopy disclosed that TWIK1's surface morphology largely does not change in K ؉ and Na ؉ solutions. Our results reveal the local conformational changes of the TWIK1 selectivity filter and suggest that the amide-I bands may be useful "molecular fingerprints" for assessing the properties of other K ؉ channels.
Potassium ion (K ϩ ) conductance through K ϩ channels is very important for cellular processes. Most K ϩ channels are highly K ϩ -selective and almost impermeable to sodium ions (Na ϩ ). How K ϩ channels accomplish this high degree of K ϩ selectivity has been extensively investigated. In particular, crystallographic studies of KcsA, a bacterial K ϩ channel, have revealed the molecular mechanisms underlying K ϩ selectivity. Crystal structures of KcsA showed that KcsA has a 4-fold rotational symmetry axis along the pore and revealed how the selectivity filter in the pore interacts with permeant cations, such as K ϩ , and impermeant cations, such as Na ϩ (1) (2) (3) (4) (5) . According to the crystal structures of KcsA, K ϩ ions bind to the S1-S4 sites in the selectivity filter (see Fig. 1A ), where a K ϩ ion is coordinated to eight backbone carbonyls of the filter at each binding site (2) . By contrast, nonpermeating cations, such as Na ϩ and Li ϩ , were accommodated by different binding sites (B-sites, indicated in orange in Fig. 1A) , where each cation is coordinated to four carbonyls with an in-plane configuration (4) (5) (6) (7) . Furthermore, in environments of low-K ϩ concentration or Na ϩ only, the selectivity filter of KcsA "collapses" to a nonconducting conformation (5, 7) . However, Li ϩ does not cause the collapse (4) , and the filter collapse does not occur in other bacterial K ϩ channels, such as MthK (8) . Based on these structural data, the so-called "snug-fit model" (1, 3, 6) was proposed, and dynamic features of the filter structure (6, 9) were also considered to play important roles in the K ϩ selectivity.
The KcsA selectivity filter interactions with cations, such as K ϩ and Na ϩ , are typically detected in the amide-I region (1700 to 1600 cm Ϫ1 , mainly composed of CϭO stretching vibrations of the protein main chains) using ion-exchange-induced difference attenuated total reflection FTIR (ATR-FTIR) 3 spectroscopy (10 -12) . The observed IR absorption bands were then assigned to specific vibrational modes corresponding to the S2/S3 and B-sites using transmittance IR spectroscopy aided by computer simulations (13) . Recently, 2D IR spectroscopy was applied to isotopically labeled ( 13 C and 18 O) KcsA for analyzing the dynamics of the carbonyls in the filter (14) . ATR-FTIR spectroscopy has also been applied to study various ion channels (15, 16) and transporters (17) (18) (19) .
The amino acid sequence motif of the selectivity filter (T(V/ I)G(Y/F)G) is highly conserved among prokaryotic and eukaryotic K ϩ channels (Fig. 1B) . In fact, crystallographic studies have revealed that the atomic structures of the filter and K ϩ -binding sites (S1-S4) are virtually identical in many K ϩ channels, such as KcsA, voltage-sensitive (Kv) K ϩ channels, and inward-rectifying (Kir) K ϩ channels (20 -22) . This strongly suggests that the molecular mechanism underlying K ϩ selectivity is highly conserved.
However, not all K ϩ channels are always highly K ϩ -selective (22) . For example, the mammalian two-pore-domain K ϩ channel TWIK1 (23) (also named "K2P1" or "KCNK1") is known to conduct Na ϩ under certain conditions, such as low extracellular pH and/or low extracellular K ϩ concentration (24 -27) . The Na ϩ current through TWIK1 is reported to regulate the resting potential and to be associated with Na ϩ influx during hypokalemia (26) .
TWIK1, together with other K2P channels, functions as a dimer, and each subunit possesses two-pore loop (P1 and P2) regions. These pore loop regions consist of the selectivity filter and break the 4-fold rotational symmetry axis along the pore (28 -31) . Moreover, TWIK1 has unconventional amino acid residues in each pore loop region: Thr-118 (TTGYG) in the P1 region and Leu-228 (TIGLG) in the P2 region ( Fig. 1, A and B) . The T118I mutation in TWIK1 changes the P1 sequence to a conventional sequence (TIGYG) and makes the channel highly K ϩ -selective, like typical K ϩ channels (24, 26) . This result clearly indicates that the unconventional selectivity filter sequence is responsible for the Na ϩ permeability of TWIK1 and implies that the filter structure of TWIK1 is somewhat different from typical K ϩ channels. In 2012, a crystal structure of TWIK1 was reported (30) . Surprisingly, the arrangement of the carbonyl groups in the selectivity filter accommodating K ϩ ions was almost identical to those of KcsA ( Fig. 1A) (2), another K ϩ -selective two-pore-domain channel TRAAK (31), and other K ϩ channels. The crystal structure of Na ϩ -bound TWIK1 is not yet available, and the crystal structure with K ϩ does not explain how TWIK1 achieves its unique ion selectivity.
In this study, we applied ion-exchange-induced difference ATR-FTIR spectroscopy for elucidating the molecular mechanisms underlying the unique ion selectivity of TWIK1 relying on the higher structural sensitivity of this spectroscopic technique. The IR spectral changes of WT TWIK1, the highly K ϩ -selective mutant T118I and the L228F mutant were systematically analyzed upon replacing K ϩ with Na ϩ or other monovalent cations. We found that the manner of interaction between WT TWIK1 to K ϩ and to non-K ϩ cations were different from those of the mutants and KcsA. High-speed atomic force microscopy (HS-AFM) observation confirmed that the shape of a TWIK1 molecule barely changes under the IR measurement conditions, suggesting that our IR observations detected the local structural changes induced by binding of the different cations. Moreover, the normal vibrational modes of the carbonyl groups in the TWIK1 and KcsA selectivity filters were calculated. The amide-I band at 1680 cm Ϫ1 , commonly observed in K ϩ conditions, originated from the selectivity filters and could be used for analyzing the K ϩ affinity and the local structural perturbations upon changing the cations. Our data showed that these characteristics correlated well with the K ϩ selectivity of WT TWIK1 and the TWIK1 mutants.
Results

Functional expression of TWIK1 and its reconstitution into liposomes
ATR-FTIR spectroscopic analysis requires several micrograms of purified membrane protein, and FSEC analysis was used to assess the suitability of membrane proteins for expression in cultured mammalian cells (32) . Mouse TWIK1 showed a preferable FSEC profile (a single peak with high fluorescence intensity) ( Fig. S1 ); thus, mouse WT TWIK1 as well as mutants T118I and L228F, with a His 8 tag on the C terminus, were expressed in COS-1 cells, extracted, and purified on Ni-Sepharose and size-exclusion columns (see "Experimental procedures"). The purified TWIK1 samples showed a monodisperse peak on the size-exclusion chromatograph (Fig. 1C) , thus suggesting that each TWIK1 sample had a homogeneous conformation with little aggregation or digestion. The Coomassie Brilliant Blue-stained SDS-polyacrylamide gel of each purified sample showed one major band with minor band smearing (Fig.  1D ). The major bands were ϳ75 kDa (dimer) and ϳ38 kDa (monomer) in size before and after reduction using 2-mercaptoethanol, respectively. This result is consistent with the fact that TWIK1 forms a dimer connected by a disulfide bond between the protomers (30, 33) .
To assess the functionality of the purified TWIK1 samples, we reconstituted the purified TWIK1 proteins into liposomes and conducted a K ϩ flux assay (30, 31) . Here, we performed the K ϩ flux assay using lipid vesicles containing TWIK1 variants T118I or L228F, and the WT, thus confirming the high ion selectivity of the T118I mutant. In the flux assay, the K ϩ flux out of the vesicles is compensated by proton influx via a protonophore, carbonyl cyanide m-chlorophenylhydrazone (CCCP). Thus, the amount of K ϩ efflux can be detected by a fluorescence decrease of a proton indicator, 9-amino-6-chloro-2-methoxyacridine (ACMA) (30, 31) . Under the same experimental conditions (see "Experimental procedures"), WT TWIK1 and the variants reached different plateau levels for K ϩ efflux (Fig. 1E ). In the case of the WT, the amount of K ϩ released from the vesicles was relatively small, and the addition of a K ϩ -selective ionophore, valinomycin, caused further K ϩ release, as shown in a previous crystallization study (30) that compared a WT TWIK1 construct for crystallization, which showed a lesser amount of K ϩ release compared with the highly K ϩ -selective Kv1.2. By contrast, vesicles containing the TWIK1 T118I variant released much more K ϩ , and valinomycin induced little additional K ϩ efflux. The L228F variant showed a profile relatively close to that of the T118I variant. Thus, our data suggest that the L228F mutant possesses higher potassium selectivity than the WT. It should be noted that the K ϩ efflux levels were nearly same for all three types of vesicles after the addition of valinomycin as well as vesicles without channels ( Fig. 1E ).
In our flux assay, only K ϩ ions were found in the vesicles ([K ϩ ] in ϭ 150 mM) as cations, and Na ϩ was predominantly outside of the vesicles ([K ϩ ] out ϭ ϳ4 mM and [Na ϩ ] out ϭ ϳ146 mM). The amount of outward K ϩ flux is reflected in the equilibrium potential of the vesicles. The equilibrium potential is determined by the ratios of K ϩ efflux and Na ϩ influx; this depends on the relative permeability of reconstituted TWIK1 for K ϩ and Na ϩ . Thus, the difference in the amount of K ϩ release, detected by fluorescence decrease from ACMA, would represent the relative permeability of K ϩ over Na ϩ . Based on our experimental results, the K ϩ selectivity was estimated to be T118I (Ϸ valinomycin) Ͼ L228F Ͼ WT. The higher K ϩ selectivity of the T118I mutant is consistent with previous electrophysiological studies (24, 26) . However, a previous electrophysiological study reported that the L228F mutation has little effect on the K ϩ selectivity of TWIK1 (24) . Our results showed a small but obvious change in K ϩ selectivity for the L228F mutant (Fig. 1E ). The discrepancy of the L228F mutation effect may be due to the different experimental methods employed (electrophysiological method with heterologous expression in Xenopus oocytes) (24) and/or different constructs used for the Green spheres indicate K ϩ ions resolved in the crystal structures. The K ϩ -binding sites, S1-S4, are labeled in the KcsA structure. Note that the structural models were constructed from the averaged electron density maps, and all of the K ϩ ions do not exist simultaneously (2) . The pore domains (P1 and P2) in TWIK1 possess unique filter residues, Thr-118 and Leu-228, respectively. In the KcsA structure, Na ϩ /Li ϩ -binding sites (B-sites) are indicated by orange circles. The lower filled orange circle indicates the Li ϩ -binding site (4) as well as a potential Na ϩ -binding site (5, 6) , and the upper filled orange circle indicates the Na ϩ -binding site (5) . Open orange circles are hypothetical binding sites for Na ϩ /Li ϩ (6) . B, amino acid sequence alignment in the selectivity filter of K ϩ channels. A and B, unique residues Thr-118 and Leu-228 are highlighted in red. C, size-exclusion chromatographs of purified TWIK1: WT (red), T118I mutant (blue), and L228F mutant (green). D, Coomassie Brilliant Blue-stained SDS-polyacrylamide gel with purified WT TWIK1 and mutants (T118I and L228F) in the presence (ϩ2-ME) or absence (Ϫ2-ME) of a reducing reagent (final concentration of 5% 2-mercaptoethanol (2-ME)). The triangles indicate major bands of the purified TWIK1 samples with or without reduction. E, traces of flux assay fluorescence changes using liposomes containing TWIK1: WT (red), T118I mutant (blue), or L228F mutant (green) and "empty" liposomes without channel proteins (black). Error bars indicate S.D. values from three independent measurements. ϩCCCP indicates the time point of addition for the CCCP protonophore, and ϩVal indicates the time point of addition for the K ϩ -selective ionophore valinomycin. Orange-shaded areas indicate the dead time for adding and mixing CCCP or valinomycin. F, absolute IR absorption spectra of WT (red), T118I (blue), and L228F (green) after normalization at the amide-I peak (at 1653 cm Ϫ1 ).
Infrared spectroscopy of the TWIK1 K ؉ channel assays (I293A/I294A/K274E mutations were additionally introduced to the L228F mutant of human TWIK1) (24) .
For ATR-FTIR spectroscopy, we reconstituted WT TWIK1 and the variants into liposomes using the same lipid composition as for the flux assay but with a higher protein to lipid molecules ratio (about 100-fold) to increase the IR signals from the proteins (see "Experimental procedures" and Fig. S2 ). The absolute IR absorption spectra in the 1800 to 1100-cm Ϫ1 region were very similar between the WT and the variants (Fig. 1F ). Their amide-I peaks were located at 1653 cm Ϫ1 , and the band shapes were almost identical, indicating that the overall protein secondary structures were largely unchanged by the substitutions.
To further confirm the status of the liposome-reconstituted TWIK1 proteins, we assessed their molecular shapes at the single-molecule level using HS-AFM (34, 35) . The HS-AFM images of WT TWIK1 in liposomes perfused with a buffer containing K ϩ showed a homogeneous conical structure (diameter ϭ ϳ10 nm) with a height of ϳ3.3 nm from the membrane surface (membrane thickness ϭ ϳ5 nm) ( Fig. 2, A, B , and D). The diameter and height values were consistent with the crystal structure (30) , and these values were not significantly changed when the ion was changed to Na ϩ . The TWIK1 T118I mutant also possessed similar structural dimensions to those of the WT (Fig. 2, B-D) . The conical structure was presumably attributed to the extracellular "cap" domain in TWIK1. The ⌬cap mutant (lacking the "cap" domain, i.e. amino acid residues from positions 47 to 101) showed a similar diameter and a height reduced by ϳ1 nm (ϳ2.1 nm from the membrane) ( Fig. 2, B-D) . Thus, the conical structures of ϳ1.2 nm height correspond to the cap domain (see Fig. S3 ).
These results clearly indicate successful purification of functional TWIK1 proteins. Moreover, the absolute amide-I bands and the AFM images were very similar between the WT and the pore-domain mutants. Therefore, we can discuss effects of the T118I and L228F mutations on their IR difference spectra without needing to consider mutation-induced morphology changes or large differences in the secondary structures, such as deformation of ␣-helices.
Ion-exchange-induced difference IR spectroscopy upon replacement of K ؉ with Na ؉
The difference IR spectra of the WT and the variants (T118I and L228F), i.e. the IR spectra obtained before buffer exchange minus those obtained after buffer exchange from 140 mM K ϩ to 140 mM Na ϩ , are shown in Fig. 3A . Because the difference spectra were calculated through subtraction of the absolute spectra in K ϩ conditions minus the spectra in Na ϩ conditions, the positive and negative bands should reflect the molecular structures in the presence of K ϩ and Na ϩ , respectively. The spectral changes in the amide-I region are highlighted in Fig. 3B . The difference spectrum of the WT shows clear absorption changes in the amide-I region (1700 to 1600 cm Ϫ1 ): positive bands at 1680 and 1654 cm Ϫ1 as well as negative bands at 1642 and 1626 cm Ϫ1 (Fig. 3B ). Changes were also clearly observed in the amide-II region (1600 to 1500 cm Ϫ1 ): a positive band at 1551 cm Ϫ1 as well as negative bands at 1568, 1536, and 1522 cm Ϫ1 (Fig. 3A ). Previous experimental (10, 11, 13) and spectral simu-lation (13) studies of KcsA concluded that difference absorption bands in the amide-I region upon ion exchange can be assigned to the vibrational modes of the selectivity filter interacting with K ϩ ions (ϳ1680 cm Ϫ1 ) or Na ϩ ions (ϳ1630 cm Ϫ1 ) and the pore helices (ϳ1660 cm Ϫ1 ).
The previous IR spectroscopic studies on KcsA observed a positive (K ϩ side) band at ϳ1680 cm Ϫ1 (10), and computational analysis assigned it to two vibrational modes (S2 mode at 1680 cm Ϫ1 and S3 mode at 1674 cm Ϫ1 ), representing interactions of the backbone carbonyls in the selectivity filter with two K ϩ ions in the S2 and S4 sites (denoted as [S2, S4] here) as well as S1 and S3 ([S1, S3]) sites in the crystal structure of KcsA, respectively (13) . In the difference spectrum of WT TWIK1, a positive band at the identical position (1680 cm Ϫ1 ) was observed (Fig. 3B ). The arrangement of the carbonyl groups in the selectivity filter and the K ϩ -binding sites are almost identical between the crystal structures of WT TWIK1 (30) and KcsA ( Fig. 1A) (7) . Therefore, it is reasonable to assign the 1680-cm Ϫ1 band to the S2/S3 mode in TWIK1 as well, which is well supported by our quantum chemical computational study, described later. The 1680cm Ϫ1 band was observed in both the L228F and T118I variants as well ( Fig. 3B) . The difference spectra normalized to the band intensity at 1680 cm Ϫ1 are shown in Fig. 3 , C-E.
The previous KcsA study also assigned the other major positive peak at ϳ1660 cm Ϫ1 in the amide-I region to the "helix mode," representing vibrational changes of ␣-helices surrounding the selectivity filter (pore ␣-helices) upon K ϩ to Na ϩ exchange (13) . In the TWIK1 IR difference spectrum, a positive peak at 1654 cm Ϫ1 was observed (Fig. 3B ), and the band would correspond to the helix mode. The ϳ6-cm Ϫ1 difference between KcsA and TWIK1 suggests that slight structural differences exist in the pore ␣-helices between the two channels.
Stevenson et al. (13) assigned the strong negative (Na ϩ side) band at 1625 cm Ϫ1 to the "B-site mode," representing four carbonyl groups interacting Na ϩ at the "B-site" in the KcsA structure (shown in orange in KcsA, Fig. 1A ). In the TWIK1 IR difference spectrum ( Fig. 3B ), the negative band at 1626 cm Ϫ1 might correspond to the B-site mode, despite the considerably weaker intensity (10, 12, 13) . Additionally, another negative band at 1642 cm Ϫ1 was clearly observed in TWIK1. One of negative bands at 1650 and 1639 cm Ϫ1 in the difference spectrum of KcsA (10, 12) may correspond to the 1642-cm Ϫ1 band in TWIK1. Although the frequencies are different, these results suggest that the manner of interaction with Na ϩ in TWIK1 is somewhat different from that in KcsA.
Comparison of the K ؉ minus Na ؉ difference IR spectra among WT, T118I, and L228F mutants
Upon the K ϩ to Na ϩ exchange, TWIK1 mutant proteins T118I and L228F showed similar difference spectra to that of the WT (Fig. 3, A and B) . In particular, the positive band at 1680 cm Ϫ1 was also observed at the same frequency in the mutants. This suggests that these mutations in the selectivity filter retain their manner of interaction with K ϩ ions in the [S2, S4] or [S1, S3] configurations. Similarly, the frequencies of the positive band at 1654 cm Ϫ1 as well as the negative bands at ϳ1642 and ϳ1626 cm Ϫ1 in the mutants were nearly identical to those in the WT (Fig. 3B ). By contrast, the intensities of these bands Infrared spectroscopy of the TWIK1 K ؉ channel were greater in the mutants (Fig. 3B ). Because the peak intensities have already been normalized against total protein using the peak intensities of the absolute amide-I peaks at 1653 cm Ϫ1 , the differences can be interpreted by two factors as follows: lower affinity for K ϩ in WT than in the mutants and differences in the manner of interaction with Na ϩ and/or K ϩ of WT and that of the mutants. To compare band intensities more accurately, we conducted band fitting on each difference spectrum after normalization of the spectra with the peak intensities at 1680 cm Ϫ1 . We successfully fitted the difference spectra of the amide-I region using seven to eight Gaussian peaks ( Fig. 3 , C-E) and four peaks (at 1680, ϳ1653, ϳ1643, and ϳ1627 cm Ϫ1 ) cor-responding to major bands in each spectrum ( Fig. 3, F-H) . The area of the fitted bands at ϳ1643 cm Ϫ1 in the mutants was larger than that in the WT (WT, 0.0081; T118I, 0.0133; and L228F, 0.0098); the area of the fitted band at 1654 cm Ϫ1 in T118I was smaller than that of the WT, and the positive band at 1653 cm Ϫ1 in L228F was larger than that of the WT (WT, 0.0164; T118I, 0.0141; and L228F, 0.0229). However, the bands overlapped with the amide-I peak of the absolute spectra of the TWIK1 samples ( Fig. 1F) ; thus, the effect of spectral correction for swelling effects blurs the spectral changes near 1653 cm Ϫ1 , which may result in a drift of the baseline for the ϳ1643and ϳ1653-cm Ϫ1 bands. The sum of the areas of the 1643-and Broken lines on the images indicate positions for the cross-sectional profiles displayed at the bottom side of each image. C, histograms of height distributions measured for WT, T118I, and ⌬cap-TWIK1 under different salt conditions (140 mM KCl and 140 mM NaCl). The height of each TWIK1 channel was measured for the difference between the highest part and the lipid surface on the AFM image. Histograms were constructed using 533 channels for WT in KCl, 494 channels for the WT in NaCl, 923 channels for T118I in KCl, 907 channels for T118I in NaCl, 446 channels for ⌬cap in KCl, and 534 channels for ⌬cap in NaCl. Each histogram could be well fitted using a Gaussian distribution, which is depicted by a solid line. D, comparison of molecular heights from the lipid surface for three different TWIK1 molecules under the different salt conditions (140 mM KCl and 140 mM NaCl). The heights and error bars correspond to the center values of the fitted Gaussian distributions shown in C and the full widths at half-maximum (FWHMs) of the distributions, respectively. The heights Ϯ FWHMs were 3.34 Ϯ 1.04 nm (WT in KCl), 3.30 Ϯ 0.65 nm (WT in NaCl), 3.59 Ϯ 1.16 nm (T118I in KCl), 3.41 Ϯ 1.08 nm (T118I in NaCl), 2.06 Ϯ 0.68 nm (⌬cap in KCl), and 2.66 Ϯ 0.79 nm (⌬cap in NaCl).
Infrared spectroscopy of the TWIK1 K ؉ channel
1653-cm Ϫ1 bands of the WT were very similar to that of T118I and smaller than that of L228F (WT, 0.0245; T118I, 0.0274; and L228F, 0.0327). Thus, the differences in Fig. 3 , A and B, were attributed to the difference in affinity for K ϩ and that for Na ϩ , at least for the T118I mutant.
Concentration-dependent experiments for analyzing the relative K ؉ affinity of TWIK1
Next, we assessed and compared the relative affinity for K ϩ in WT TWIK1 and the mutant proteins (T118I and L228F) by concentration dependence of spectral changes upon K ϩ to Na ϩ exchange (10) . Spectral changes in the amide-I region were measured upon buffer exchange from 0 mM K ϩ (200 mM Na ϩ ) to 0.1, 0.3, 1, 3, 10, 20, 50, 100, or 200 mM K ϩ (199. 9, 199.7, 199, 197, 190, 180, 150 , 100, or 0 mM Na ϩ , respectively). To minimize the effect of the ionic strength change on the IR spectra, the total concentrations of K ϩ and Na ϩ were kept constant (200 mM). The measured difference spectra are shown in Fig. 4 , A (WT), B (T118I), and C (L228F).
Because the positive band at 1680 cm Ϫ1 has been tentatively assigned to the S2/S3 mode of TWIK1, it is a useful marker band for the selectivity filter interacting with K ϩ ions. Thus, we plotted the band intensity at 1680 cm Ϫ1 as a function of K ϩ concentration (Fig. 4D ). Because the difference spectra were normalized against the absolute absorption of amide-I (at 1653 cm Ϫ1 ) ( Fig. 1F ), this plot clearly indicated that the spectral changes of the WT at 1680 cm Ϫ1 were less sensitive to K ϩ concentration increases than those of the mutants (T118I and L228F). The half-maximum values of K ϩ were 39.6, 3.8, and 7.7 mM for the WT, T118I, and L228F, respectively. These values indicated that the selectivity filter in the WT possessed a lower affinity for K ϩ (this could be explained by an increased affinity for Na ϩ ) than that in T118I and L228F.
The previous KcsA study reported that, in the presence of low-K ϩ concentrations (Ͻ ϳ10 mM), the 1680-cm Ϫ1 band shifted to a higher frequency (1688 cm Ϫ1 ) (10). A similar but smaller shift (ϳ5 cm Ϫ1 ) was observed in the T118I mutant in the presence of very low-K ϩ concentrations (Ͻ ϳ1 mM) ( Fig. 4B ). In the WT, the up-shift of the 1680-cm Ϫ1 band was unclear, but the band at 1653 cm Ϫ1 (helix mode) was shifted to ϳ1659 cm Ϫ1 in the presence of Ͻ ϳ10 mM K ϩ (Fig. 4A ). These results suggest that the K ϩ /Na ϩ concentration-dependent spectral changes in the amide-I region can be resolved to at least two phases.
To resolve the K ϩ concentration-dependent two-phase spectral changes, we constructed a model of K ϩ binding to TWIK1 proteins as shown in Schemes 1 and 2, Infrared spectroscopy of the TWIK1 K ؉ channel and
where Ch denotes potassium channel. In our two-phase model, K ϩ -binding reactions are divided into "higher affinity" (with lower K d (K d 1) values) and "lower affinity" (with higher K d (K d 2) values) binding reactions. Based on this model, we conducted global fitting procedures on K ϩ /Na ϩ concentration-dependent spectral changes of the WT TWIK1 and the mutants over the entire amide-I region ( Fig. 4 , A-C). Five fitting curves for each sample are representatively shown in Fig. 5 , A-C, which are traces for the major bands observed in the difference spectra ( Fig. 3, F-H) . We successfully resolved the two-phase binding reactions as two difference spectra ("higher affinity" (⌬A K n ϩ Ch Ϫ Ch ): red curves in Fig. 5 , D-F and "lower affinity" (⌬A K n ϩ ϩ m Ch* Ϫ Ch ): blue curves in Fig. 5 , G-I). The global fitting calculations provided two dissociation constants for the "higher affinity" and "lower affinity" binding reactions (K d 1 and K d 2, respectively) ( Table 1) , which were associated with the two difference spectra for each sample.
In the resolved difference spectra corresponding to the higher affinity binding (Fig. 5, D-F) , the helix mode bands are shifted to ϳ1660 cm Ϫ1 in the WT and the T118I mutant. In the L228F mutant, the helix mode splits into two bands, at 1661 and 1653 cm Ϫ1 . This shift is consistent with the helix mode shift in the low-K ϩ concentration case (Fig. 4, A-C) . In addition, the amplitude of the ϳ1660-cm Ϫ1 band was larger (ϳ1.5-fold) in the mutants than in the WT (Fig. 5, D-F) . Furthermore, the negative band at ϳ1642 cm Ϫ1 was observed only in the mutant (T118I (Fig. 5E ) and L228F (Fig. 5F) ) and not in the WT (Fig.  5D ). Furthermore, in the T118I mutant, the 1680-cm Ϫ1 band (corresponding to the S2/S3 mode) shifted to 1685 cm Ϫ1 (Fig.  5E ), indicating the interaction manner between the selectivity filter and K ϩ was different from that with the WT. Taken together, the higher affinity interaction with K ϩ caused more distinct spectral changes of the helix mode and adjacent bands in the variants than in the WT, suggesting that structural changes of region(s), including the pore helix, occur more drastically upon K ϩ to Na ϩ exchange in the mutants than they do in the WT, especially during the initial binding process.
In addition to the spectral changes, the calculated K d 1 values were also quite different between the mutants and the WT. The calculated K d 1 value of the WT was ϳ10-fold or ϳ3-fold larger than the values of the mutants (Table 1) . Thus, in TWIK1 (WT), K ϩ ions initially bind to the selectivity filter with reduced affinity and cause smaller structural changes around the selectivity filter region when compared with the mutants that have higher ion selectivity.
In contrast to the higher affinity interaction, the difference spectra corresponding to the lower affinity binding were relatively similar between the WT and T118I mutant (Fig. 5, G and  H) , whereas that of the L228F mutant was somewhat different (Fig. 5I ). This result suggests that the lower affinity interaction with K ϩ causes similar structural changes, at least in the WT and the T118I mutant. In the difference spectra, the helix mode bands were observed at ϳ1653 cm Ϫ1 , suggesting that in the lower affinity binding, K ϩ ions cause structural changes in the pore helix that are different from those in the higher affinity binding. Although the spectral changes were relatively small, the dissociation constant for the lower affinity binding (K d 2) between the WT and T118I was quite (ϳ10-fold) different (Table 1 ). Interestingly, the K d 2 value of L228F was very similar to that of the WT, whereas the K d 1 values were ϳ3-fold different (Table 1 ). In other words, Thr-118 affects both the higher affinity and the lower affinity binding, but Leu-228 affects only the higher affinity binding. We speculate that the higher K ϩ selectivity in the T118I mutant ( Fig. 1E ) may be related to having higher affinities for K ϩ in both states of the sequential binding process, and the lower affinity for K ϩ at the second binding process in L228F may account for the slightly lower K ϩ selectivity in the L228F mutant (Fig. 1E) .
The detailed IR spectroscopic analyses of WT TWIK1 and the mutants revealed two manners of interaction (higher affinity and lower affinity) with K ϩ ions. Our experimental results and calculated fittings strongly suggest that the unique residues (Thr-118 and Leu-228) in the selectivity filter make the protein 9, 199.7, 199, 197, 190, 180, 150 , 100, and 0 mM Na ϩ , respectively). K ϩ buffer concentrations are indicated. The peaks at 1680 cm Ϫ1 in the spectra of WT, T118I, and L228F are indicated and used for the concentration dependence plot in D. In the presence of low (less than 1 mM) K ϩ concentrations, the 1680-cm Ϫ1 bands are shifted slightly to 1685 and 1683 cm Ϫ1 for mutants T118I and L228F, respectively. D, concentration dependence plot of the positive band absorption intensity at 1680 cm Ϫ1 relative to the absolute absorbance at 1653 cm Ϫ1 (see Infrared spectroscopy of the TWIK1 K ؉ channel structure of TWIK1 insensitive to Na ϩ /K ϩ exchanges, leading to decreased affinity for K ϩ in the selectivity filter. Based on the experimental data, we discuss how TWIK1 reduces the ion selectivity under the "Discussion."
Ion-exchange-induced difference IR spectra of TWIK1 upon exchange from K ؉ to various cations (alkali-metal cations, NH 4
؉ , or NMDG ؉ ) IR spectral changes upon K ϩ to Na ϩ exchange revealed how differently the selectivity filter interacts with K ϩ and Na ϩ in WT TWIK1 and in the mutants. To explore the ion interactions with TWIK1 further, we next measured the spectral changes caused by replacing K ϩ with monovalent cations other than Na ϩ . Similar to the experiments for Na ϩ described above, we measured the difference spectra of WT TWIK1 and the mutant proteins (T118I and L228F) by replacing 140 mM K ϩ with 140 mM Li ϩ , Rb ϩ , Cs ϩ , NH 4 ϩ , or N-methyl-D-glucamine (NMDG ϩ ) ( Fig. 6, A-E) . To clarify the spectral differences, the difference spectra were normalized by the 1680-cm Ϫ1 band (Fig. 6, F-J) . Thus, the differences in protein structural changes upon cation exchange can be discussed without considering the cation affinity differences, as already explained during the analysis of K ϩ to Na ϩ exchange ( Fig. 3) .
Upon K ϩ to Li ϩ exchange, WT TWIK1 and the mutants showed similar spectral changes to those upon K ϩ to Na ϩ exchange ( Figs. 3B and 6A) . The overall spectral amplitude of the WT was less than those of the mutants (Fig. 6A) , whereas the spectral shape was relatively similar to those of the mutants after normalization (Fig. 6F) . Therefore, the differences (Fig.  6A) can mostly be explained by the different affinities for K ϩ between the WT and the mutants. These results also suggest that all three TWIK1 samples (the WT and the mutants) interact with Li ϩ in a similar fashion to Na ϩ .
Upon K ϩ to Rb ϩ exchange (Fig. 6B ), the TWIK1 samples showed different spectral changes from those of K ϩ to Na ϩ /Li ϩ exchange. The overall spectral amplitudes of all three samples were smaller than those obtained upon exchange to Na ϩ or Li ϩ (Figs. 3B and 6A) . Therefore, it is generally acceptable that the structural changes of TWIK1 upon exchanging K ϩ to Rb ϩ were smaller than those involving Na ϩ and Li ϩ ; this was also the case for KcsA (11, 12) . In more detail, the negative bands at 1642 and 1626 cm Ϫ1 , both of which can be observed upon K ϩ to Na ϩ /Li ϩ exchange (Fig. 3, B and C as well as Fig. 6, A and F) , almost Infrared spectroscopy of the TWIK1 K ؉ channel disappear in the WT and the mutants (Fig. 6, B and G) . This means that the structural features characterized by those bands in the presence of Na ϩ or Li ϩ were not conserved in the presence of Rb ϩ . However, we found a unique feature for WT TWIK1, a negative (Rb ϩ side) band at 1692 (T118I) or 1691 cm Ϫ1 (L228F) was distinctly observed in the mutants, whereas the band intensity was much reduced in the WT, despite the peak intensity normalization at 1680 cm Ϫ1 (Fig. 6G ). A similar band was observed at 1692 cm Ϫ1 in KcsA with Rb ϩ (11, 12) , which means that WT TWIK1 interacts with Rb ϩ differently. In other words, the carbonyl groups in the selectivity filter of the TWIK1 mutants interact with Rb ϩ in a similar but distinguishable coordination manner from that with K ϩ , just like with KcsA. However, such specific interactions were largely diminished in the WT, suggesting that the WT interacts with Rb ϩ in a different manner. K ϩ to Cs ϩ exchange (Fig. 6, C and H) caused similar spectral changes to the K ϩ to Rb ϩ exchange (Fig.  6, B and G) , indicating that the manner of interaction between WT TWIK1 and Cs ϩ is similar to those with Rb ϩ .
To deepen our IR analysis, we investigated molecular cations, such as NH 4 ϩ and NMDG ϩ , which possess a much larger ionic radius compared with the monatomic cations. Notably, both the K ϩ to NH 4 ϩ and K ϩ to NMDG ϩ exchanges caused similar spectral changes in the WT TWIK1 and the mutants (Fig. 6,  D, E, I, and J) . The spectral shapes were very similar to those obtained upon K ϩ to Na ϩ and K ϩ to Li ϩ exchanges rather than those obtained upon K ϩ to Rb ϩ and K ϩ to Cs ϩ exchanges.
Previous electrophysiological studies revealed that many different cations, such as K ϩ , Na ϩ , Li ϩ , Rb ϩ , Cs ϩ , and NH 4 ϩ , can permeate through TWIK1. Therefore, interaction of NH 4 ϩ to TWIK1 could be thought to be similar to those of Na ϩ and Li ϩ . However, a very large cation, such as NMDG ϩ , should be impermeable (26, 27) . Thus, we expected the spectral changes caused by the K ϩ to NMDG ϩ exchange would provide useful clues for understanding the characteristics of the selectivity filter without bound cations (especially in the negative bands of the difference spectra). Surprisingly, the K ϩ to NMDG ϩ Figure 6 . Comparison of the ion-exchange-induced difference spectra in the amide-I region for WT TWIK1 and the mutants upon exchange from K ؉ to various monovalent cations. A-E, difference spectra for WT TWIK1 (red), T118I (blue), and L228F (green) upon exchanges from 140 mM K ϩ to 140 mM Li ϩ (A), Rb ϩ (B), Cs ϩ (C), NH 4 ϩ (D), and NMDG ϩ (E). Wavenumber values for specific bands in the amide-I region are indicated. F-J, difference spectra in A-E are normalized against the band intensity at 1680 cm Ϫ1 , and the absorbance difference at 1720 cm Ϫ1 is set to zero for offsetting differences in baselines.
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exchange induced spectral changes in the WT and the mutants (Fig. 6E) , exhibiting similar spectral shapes to those of the K ϩ to Na ϩ /Li ϩ exchanges (Figs. 3B and 6A) . Notably, negative bands at 1642 and 1623 cm Ϫ1 emerged upon the K ϩ to NMDG ϩ exchange (Fig. 6E) , similar to the case of the K ϩ to Na ϩ /Li ϩ exchange (Figs. 3B and 6A ). Because NMDG ϩ is thought to be too large to enter the selectivity filter, the ϳ1642and 1623cm Ϫ1 bands should be assigned to vibrational modes in the selectivity filter without bound cations. Thus, similar structural changes around the selectivity filter would occur from Na ϩ /Li ϩ binding and/or only by depletion of K ϩ ions in the filter (such as water-filter interactions).
Computational analysis of the normal modes of the carbonyl groups in the TWIK1 selectivity filter using quantum mechanical and molecular mechanical (QM/MM) treatments
The ion-exchange-induced difference spectroscopy of TWIK1 revealed that the specific vibration of the carbonyl groups interacting with K ϩ ions at 1680 cm Ϫ1 was similar to that of the well-known bacterial potassium channel, KcsA. To assign the 1680-cm Ϫ1 band in TWIK1 to a specific vibrational mode, we performed normal mode analysis on the carbonyl groups in the TWIK1 selectivity filter using the QM/MM method, in which the peptide backbones, K ϩ ions, and water molecules in the selectivity filter were treated by quantum chemistry, and the rest of the system by molecular mechanics. In the X-ray crystal structure (30) , there are five K ϩ ions in the filter in the equilibrium ensemble, although all five K ϩ ions do not exist in the filter simultaneously. Therefore, we analyzed the normal modes of TWIK1 with two types of K ϩ configuration: three K ϩ ions existing at the S0, S2, and S4 sites (denoted as [S0, S2, S4]) and two K ϩ ions existing at the S1 and S3 sites (denoted as [S1, S3]).
As illustrated in Fig. 7 , the normal modes with strong IR intensities were calculated to higher frequencies compared with a control model molecule, N-methylacetamide (NMA), both in [S0, S2, S4] and [S1, S3] configurations. The calculated peak frequency difference, 61 cm Ϫ1 (1708 and 1647 cm Ϫ1 for TWIK1 and NMA, respectively), was in good agreement with the experimental difference, 54 cm Ϫ1 (1680 and 1626 cm Ϫ1 for TWIK1 and NMA (36), respectively). Here, to avoid vibrational coupling with the O-H bending modes of H 2 O molecules (accurate calculation of the O-H bending modes requires a larger QM subsystem and more sampling), we calculated the frequencies and the normal modes using D 2 O molecules. We also performed the ion-exchange-induced difference spectra in D 2 O conditions and confirmed that the difference spectra were very similar to those obtained in H 2 O (Fig. S4) . The vectors in Fig. 7, A-F, show the direction and amplitude of the CϭO stretching vibrations. The normal modes in Fig. 7 , A, C, E, and F, are relatively localized on three nearby carbonyl groups, including a central carbonyl group (Gly-119 in P1 or Ile-226 in P2). The normal modes in Fig. 7, B and D, are mainly localized on a carbonyl group located at the outer mouth of the filter (Tyr-120 in P1 or Leu-228 in P2). The normal modes with five highest intensity IR absorbance are listed in Table 2 for both the [S0, S2, S4] and [S1, S3] configurations. Together, the combined peak occurs at ϳ1710 cm Ϫ1 (Fig. 7G) . Similar results were also obtained for KcsA (Fig. S5) . Therefore, it is very reasonable to assign the experimentally observed 1680-cm Ϫ1 band to the carbonyl groups in the selectivity filter interacting with K ϩ ions.
Discussion
In this study, we successfully applied ion-exchange-induced difference ATR-FTIR spectroscopy to a mammalian two-poredomain K ϩ channel, TWIK1, and found that the amide-I bands were assignable to the selectivity filter and pore helices affected by the unconventional amino acid residues (Thr-118 and Leu-228). We now discuss how TWIK1 achieves its unique charac- Figure 7 . Computational analysis of the normal modes of the TWIK1 selectivity filter. The vibrational vectors for the normal modes of the three highest IR intensities for [S0, S2, and S4] (A-C) and [S1, S3] (D-F). The P1 and P2 domains in the selectivity filter are shown on the left and right sides, respectively. The frequency for each normal mode is shown at the bottom with its intensity in parentheses. G, calculated IR absorption spectra of the selectivity filter: TWIK1 (red) and NMA (blue). The IR intensities of all vibrational modes of the carbonyl groups in the selectivity filter are shown as bar graphs (magenta, TWIK1 [S0, S2, S4]; orange, TWIK1 [S1, S3]; and green, NMA).
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teristics and compare our experimental results with previously reported findings from electrophysiological studies (24, 26, 27) , crystallographic analyses (30) , and molecular dynamics simulations (37, 38) .
Functional properties of purified TWIK1 proteins
Electrophysiological analyses have revealed that TWIK1 can conduct not only K ϩ and Rb ϩ but also Na ϩ , Li ϩ , NH 4 ϩ , and Cs ϩ (24, 26, 27) . In particular, the Na ϩ permeability of TWIK1 is unique in K ϩ channels. This low ion selectivity results from the presence of unconventional amino acid residues in the WT, Thr-118 in the P1 domain (24, 26) , and Leu-228 in the P2 domain (see below) ( Fig. 1B) . Our flux assay showed a significant difference in the K ϩ flux between WT TWIK1 and T118I as well as L228F mutants to reach the equilibrium potentials determined by their permeability to K ϩ and Na ϩ (Fig. 1E) , suggesting that the WT TWIK1 protein itself possesses a lower selectivity for K ϩ against Na ϩ than do the selectivity filter mutants. These results are consistent with previous electrophysiological studies that showed that the TWIK1 T118I mutant behaves like a "normal" K ϩ channel with high K ϩ selectivity (24, 26) . Although the previous study showed that the L228F substitution had a small effect on K ϩ selectivity (24), our flux assay showed a significant increase of K ϩ efflux by the L228F mutation (Fig. 1E) . The K ϩ ion selectivity of the L228F mutant is thought to be more evidently observable under our experimental conditions than in the previous study (see "Results"). Taken together, our purified TWIK1 samples show functional characteristics relating to the unconventional residues in the selectivity filter. Because leucine and phenylalanine residues have relatively similar properties in terms of hydrophobicity and bulkiness, the L228F mutation may only cause a slight structural change in the selectivity filter. However, this might influence the environment around Thr-118 through secondary effects (Fig. S6) .
Interaction of TWIK1 with K ؉
Because the IR spectral changes of TWIK1 upon the K ϩ to Na ϩ exchange (Fig. 3 ) are similar to those of KcsA (10, 13), we could assign some of the vibrational bands by referring to KcsA reports. We also performed QM/MM calculations to obtain the normal modes of the carbonyl groups in the TWIK1 selectivity filter interacting with K ϩ ions (Fig. 7) . Thus, we successfully assigned the positive (K ϩ side) band at 1680 cm Ϫ1 (Fig. 3B) to the CϭO stretching vibration of carbonyl groups in the selectivity filter interacting with K ϩ ions (see Fig. 1A ). This mode likely corresponds to the "S2/S3 mode" in KcsA (13) . Because the 1680-cm Ϫ1 band was also observed in the T118I and L228F mutants (Fig. 3B) , the manner of interaction with K ϩ is not affected by the presence of Thr-118 and Leu-228. This result is consistent with the crystal structure of TWIK1 (WT) as its filter structure and K ϩ -binding sites (S1-S4) are virtually identical to those of KcsA (see Fig. 1A ). By contrast, concentration dependence of the spectral changes upon the K ϩ to Na ϩ exchange showed that the intensity of the 1680-cm Ϫ1 band in the WT was much less sensitive to K ϩ concentration increases (half-maximum value ϭ 39.6 mM) than in the mutants T118I (3.8 mM) and L228F (7.7 mM) ( Fig. 4D) . These results suggest that the affinity of the selectivity filter for K ϩ is negatively affected by Thr-118 as well as Leu-228 (it may be also possible that the affinity of the filter for Na ϩ is relatively increased by these residues). High affinity for K ϩ in the selectivity filter is considered to be important for obtaining high K ϩ selectivity (4, 39, 40) . Thus, the lower affinity of the binding sites for K ϩ relative to Na ϩ is consistent with the overall lower K ϩ selectivity of TWIK1.
The IR spectral studies on KcsA have reported that in the presence of low-K ϩ concentrations (Ͻ ϳ10 mM) the 1680cm Ϫ1 band is shifted to a higher frequency (1688 cm Ϫ1 ) (10). The band shift might be correlated to the "collapse" of the selectivity filter in the KcsA crystal structures in a "low-K ϩ " environment ([K ϩ ] ϭ 3 mM) (7, 10) . However, such a frequency shift was also observed in Rb ϩ and Cs ϩ conditions in which the filter does not collapse. Therefore, the upshift may be caused by changes in the ion occupancy at the S2 and S3 sites (12) . Such a shift was not observed in WT TWIK1 (Fig. 4A ), but a smaller shift was observed in T118I in the presence of very low-K ϩ concentrations (Ͻ ϳ1 mM) (Fig. 4B ). This result implies that WT TWIK1 releases K ϩ ions without changing the ion occupancy in the selectivity filter as the K ϩ concentration drops below the K d 1 value (12.7 Ϯ 3.3 mM). Thus, in WT TWIK1, Thr-118 may retard the filter response to changes in the ion occupancy state in the selectivity filter at low-K ϩ concentrations (Fig. 5, D and E) .
Why do the filter carbonyl groups interacting with K ϩ ions shift their vibrations to a higher frequency? This could be explained by the depletion of hydrogen bonds from water molecules. In the presence of K ϩ ions in the filter, isolated water molecules between the K ϩ ions exist persistently, and influx of water molecules is hampered by the resting K ϩ ions at each binding site (see Movies S1 and S2, and snapshots of the filter structure in Fig. 7, A and B) , which is also true for KcsA ( Fig. S5 as well as Movies S3 and S4). Therefore, the carbonyl groups The number indicates the position of the carbonyl groups according to the K ϩ -binding site number. 1.5 indicates a carbonyl group between S1 and S2 sites. A and B correspond to each monomer of TWIK1, which are colored orange and sky blue, respectively, in Fig. 7 . AЈ and BЈ indicate the P2 domain.
Infrared spectroscopy of the TWIK1 K ؉ channel only interact with K ϩ ions and do not form stable hydrogen bonds with water molecules.
Interaction of TWIK1 with Rb ؉ and Cs ؉
In the TWIK1 mutants, T118I and L228F, the IR difference spectra upon the K ϩ to Rb ϩ /Cs ϩ exchanges showed a negative (Rb ϩ /Cs ϩ side) band at ϳ1690 cm Ϫ1 (Fig. 6, B and C) . A very similar band was observed in KcsA (11) . These results suggest that interactions of the TWIK1 mutants with these cations are similar to those of KcsA. The previous KcsA study identified the ϳ1690-cm Ϫ1 band to be the 1680-cm Ϫ1 band in the K ϩ -bound form (the S2/S3 mode); the band only upshifted, and the ϳ10cm Ϫ1 shift reflects a slight difference in the manner of interaction between K ϩ and Rb ϩ /Cs ϩ (11) . This difference may be correlated with ion occupancy in the selectivity filter. Actually, in crystal structures of Rb ϩ /Cs ϩ -bound KcsA, the ion-binding sites in the selectivity filter were only occupied by three cations, although four K ϩ ions can be found in the K ϩ -binding sites (41) . In the TWIK1 mutants, Rb ϩ /Cs ϩ binds similar ion-binding sites to those in KcsA. By contrast, WT TWIK1 possesses a dramatically reduced band intensity at ϳ1690 cm Ϫ1 upon the K ϩ to Rb ϩ /Cs ϩ exchange (Fig. 6, B and C) . This can be interpreted to indicate that Rb ϩ /Cs ϩ unstably interacts with the WT selectivity filter. Therefore, the carbonyl groups in the selectivity filter of WT TWIK1 could be so flexible that the filter accommodates the larger cations (Rb ϩ or Cs ϩ ) without specific static interactions as observed in KcsA. A previous molecular dynamics (MD) study of WT TWIK1 supported this interpretation as Thr-118 and Leu-228 were shown to increase the conformational freedom of the selectivity filter (38) .
Interaction of TWIK1 with other monovalent cations
The previous IR study on KcsA by Stevenson et al. (13) assigned a negative (Na ϩ side) 1630-cm Ϫ1 band as the B-site mode, representing interactions of Na ϩ with four carbonyl groups in the selectivity filter (see Introduction). For TWIK1, a negative band at 1626 cm Ϫ1 (Fig. 3B ) could correspond to the same B-site mode, although the intensity was relatively smaller than the 1627-cm Ϫ1 band observed in KcsA. Importantly, another negative band at ϳ1642 cm Ϫ1 was prominent in the mutants, T118I and L228F, but was reduced in the WT (Fig. 3) . These results may imply that Na ϩ interacts with WT TWIK1 and the mutants in a somewhat different manner from that observed for KcsA. Moreover, the ϳ1642-cm Ϫ1 band was also prominent in the absence of monovalent cations in the pore region when K ϩ was exchanged to NMDG ϩ (Fig. 6, E and J) . Therefore, we do not interpret the ϳ1642 cm Ϫ1 to a Na ϩ -binding mode. It may be a helix mode in the absence of K ϩ that is downshifted from ϳ1653 cm Ϫ1 . Because the K ϩ to Li ϩ , K ϩ to NH 4 ϩ , and K ϩ to NMDG ϩ exchanges caused similar spectral changes in the amide-I region to that obtained upon replacing K ϩ with Na ϩ (Figs. 3 and 6 ), the negative bands could not provide any specific interactions with these cations, which is further discussed in the next paragraph.
Like other K ϩ channels, a large cation, such as NMDG ϩ , cannot permeate through TWIK1 (26) , suggesting that NMDG ϩ cannot enter the pore (selectivity filter region). Notably, the K ϩ to NMDG ϩ exchange caused similar spectral changes in the WT TWIK1 and the mutants to those in the K ϩ to Na ϩ exchange ( Figs. 3B and 6E ). Upon replacement of K ϩ with NMDG ϩ in the perfused buffer solution, K ϩ ions in the selectivity filter were forced out, and water molecules were expected to enter the pore. This may suggest that upon removal of K ϩ from the pore, water molecules can induce most of the structural changes in the selectivity filter and the pore helices of TWIK1 observed upon the K ϩ to Na ϩ exchange. In other words, K ϩ is required for the formation of the filter structure that is seen in the crystal structure (30) .
How do Thr-118 and Leu-228 lower the ion selectivity in TWIK1?
TWIK1 mutants T118I and L228F, with higher K ϩ selectivity (Fig. 1E) , show higher affinity for K ϩ ions ( Figs. 4 and 5 ). Previous electrophysiological studies reported that TWIK1 conducted Na ϩ when extracellular K ϩ concentrations were less than 3 mM ([Na ϩ ] out Ͼ137 mM) (26) . Our concentration-dependent experiment (Fig. 4) suggested that under similar conditions ([K ϩ ] ϭ 1 mM and [Na ϩ ] ϭ 199 mM), most of the WT TWIK1 proteins released K ϩ , at least from the S2/S3 sites based on the band intensity at 1680 cm Ϫ1 . The enhanced exclusion of K ϩ from the pore could encourage Na ϩ permeation because the presence of a K ϩ /Na ϩ mixture in the pore is suggested to be energetically unfavorable for K ϩ /Na ϩ permeation (6) .
The mutants also showed vibration bands specific for Rb ϩ and Cs ϩ at ϳ1690 cm Ϫ1 . These bands were not observed in the WT (Fig. 6, B, C, G, and H) and suggest that cation binding changes the structure and electrostatic environment of the selectivity filter in the mutants, but these changes are minimal in the WT. As discussed above, the missing bands in the WT could be partly due to inhomogeneous broadening and decoupling induced by the increased flexibility of carbonyls in the selectivity filter. Therefore, each of the carbonyl groups in the filter forms hydrogen bonds with water molecules randomly and is decoupled from the specific CϭO stretching vibration we followed at ϳ1680 cm Ϫ1 . The flexibility of the filter could encourage nonselective permeation because one Na ϩ -permeable KcsA E71A mutant possessed a highly flexible selectivity filter that could rotate carbonyls at position 76 (corresponding to position 118 or 226 in TWIK1), resulting in the loss of stable interactions with cations (42) . One of the corresponding residues of Glu-71 is Tyr-217 in the P2 domain of TWIK1. The previous MD simulation demonstrated that Tyr-217 disrupted a hydrogen bond with Asp-230, which corresponds to Asp-80 in KcsA, and this led to destabilization of the alignments of the carbonyl groups in the selectivity filter (38) . To clarify the difference in dynamics around the selectivity filter of TWIK1 and KcsA, the trajectories of the MD simulations are animated as shown in Movies S5-S8. Although our MD simulation was only performed with the duration of 10 ns for equilibration of the system needed for the QM calculation, the disruption of the hydrogen bond between Tyr-217 and Asp-230 was observed in a trajectory of TWIK1 with [S0, S2, S4] configuration (Movie S6). Switch of hydrogen-bonding interaction was also observed for Thr-118 (38) (Movies S5 and S7), which forms a hydrogen bond with a hydroxyl group of the side chain at Ser-116 or a carbonyl group of the main chain at Ser-222. To reach a reliable Infrared spectroscopy of the TWIK1 K ؉ channel conclusion, we need to perform the MD simulations with longer duration and to systematically examine the initial parameters, such as protonation states of key residues pointed out by the previous MD simulation (His-211 and Asp-230) (38) .
Taken together, Thr-118 and Leu-228 have two synergistic effects in the pore region: one is reduction of affinity for K ϩ relative to Na ϩ , and the other is impairment of stable interactions with cations other than K ϩ .
Contribution of the "cap" domain to the ion selectivity of TWIK1
Our IR analyses revealed properties of the selectivity filter and pore helices that were related to the ion selectivity; however, other regions in TWIK1 can contribute to its unique channel properties. The crystal structures of TWIK1 and TRAAK revealed the extracellular cap domain specific to two-poredomain K ϩ channels and suggested that the cap regulates ion permeation (30, 31) . Our HS-AFM observation visualized the cap domain in a single molecule of WT TWIK1 and the T118I mutant for the first time (Fig. 2 ). The conical shape and height of the cap did not change under our measurement conditions ( Fig. S7 as well as Movies S9 -S11). The regulation of ion permeation by this domain may be achieved by small and/or fast structural changes beyond the time and spatial resolutions of the HS-AFM (time resolution of 0.2-0.5 s/frame as well as spatial resolutions of ϳ2 nm for lateral direction and ϳ0.1 nm for vertical direction). In addition, a previous MD simulation study showed that a hydrophobic barrier in a deep inner pore of TWIK1 was important for K ϩ conductance (37) . Thus, the ion permeation would be regulated cooperatively by the pore region as well as other regions.
Conclusion
As we show here, the vibrational bands in the amide-I region are very useful for understanding the molecular mechanisms of not only KcsA but also a mammalian K ϩ channel. Thus, ATR-FTIR spectroscopy can be applicable for exploring how various other K ϩ channels may operate, and the vibrational bands we noticed here can be used as "molecular fingerprints" to assess the functional properties of a diverse group of K ϩ channels.
Experimental procedures
Expression and purification of TWIK1 channels
A full-length gene of mouse TWIK1 with a His 8 tag on the C terminus was inserted into the EcoRI/NotI site of a pMT vector. The mutations, T118I and L228F, were induced by conventional PCR using mutated primers. The His 8 -tagged WT TWIK1 and the mutants were transiently expressed in 20 plates (100 mm diameter) containing COS-1 cells. The cells were harvested 48 h after transfection, as described previously (43) . The transfected cells were collected and solubilized with 1% DDM, 140 mM KCl, 20 mM imidazole, and 20 mM HEPES at pH 7.4, and then centrifuged for 20 min at 100,000 ϫ g and 4°C. The supernatant was mixed with Ni-Sepharose 6 Fast Flow (GE Healthcare) for 5 h at 4°C, then transferred into Bio-Spin columns (Bio-Rad), washed with 0.05% DDM, 2 mM ATP, 0.5 M KCl, 3 mM MgCl 2 , 20 mM imidazole, 20 mM HEPES, pH 7.4, and sub-sequently washed with 0.05% DDM, 140 mM KCl, 50 mM imidazole, and 20 mM HEPES at pH 7.4. The His 8 -tagged proteins were eluted with 0.05% DDM, 140 mM KCl, 300 mM imidazole, and 20 mM HEPES, at pH 7.4. For Ni-Sepharose purification of the ⌬cap mutant lacking the cap domain (amino acid residues from positions 47 to 101 are deleted), we used a DDM/cholesteryl hemisuccinate mixture (5:1 (w/w)) instead of only DDM to stabilize the mutant proteins. The eluted samples were injected onto a Superdex 200 10/300 GL column (GE Healthcare) equilibrated with 0.05% DDM, 140 mM KCl, and 20 mM HEPES at pH 7. The elution rate was set at 0.5 ml/min, and the absorbance at 280 nm was monitored using a SPD-20A detector (Shimadzu). The fraction eluted from 22.5 to 27.5 min was collected and concentrated using an Amicon Ultra (MWCO 10K, Millipore, Temecula, CA) concentrator.
Flux assay
The flux assays for purified TWIK1 samples were conducted according to the procedure from previous studies of two-pore K ϩ channels (30, 31) . The purified TWIK1 samples were reconstituted into liposomes by mixing with a 1-palmitoyl-2-oleoylsn-glycero-3-phosphoethanolamine (POPE) (Avanti Polar Lipids, Alabaster, AL) and 1-palmitoyl-2-oleoyl-sn-glycero-3phospho-1Ј-rac-glycerol (POPG) (Avanti Polar Lipids) lipid mixture (7.5 and 2.5 mg/ml) solubilized in 8% n-octyl-␤-Dmaltopyranoside (OM) (Anatrace, Maumee, OH) at the protein/lipid weight ratio of 1:100 (molar ratio of 1:ϳ5400). The protein/lipid mixture was dialyzed against 150 mM KCl and 10 mM HEPES at pH 7 for 4 days (the buffer was exchanged once each day) to remove the detergents. The "empty" liposome samples (Fig. 1E) were prepared without channel proteins. The protein-containing liposome samples, after dialysis, were flashfrozen in liquid N 2 and stored at Ϫ80°C.
On the day of the assay, the frozen liposome samples were thawed and sonicated for 10 s. 7.5 l of the samples were mixed into 300 l (40-fold) of 150 mM NaCl, 10 mM HEPES at pH 7 containing 2 M 9-amino-6-chloro-2-methoxyacridine (ACMA). The mixture was loaded in a cuvette and placed into a FP-6500 fluorimeter (Jasco, Tokyo, Japan). The excitation and emission wavelengths were 410 nm (1 nm slit) and 490 nm (10 nm slit). After 150 s of measurements, protonophore CCCP was added at a final concentration of 1 M (see Fig. 1E ). A K ϩ -selective ionophore, valinomycin (final concentration of 20 nM), was added at 600 s (see Fig. 1E ). The measurements were conducted at 25°C, and the stock solutions of ACMA, CCCP, and valinomycin were prepared using DMSO at concentrations of 2 and 1 mM and 20 M, respectively.
Reconstitution of the TWIK1 channel into lipid vesicles for IR measurements
The purified TWIK1 samples were reconstituted to liposomes by mixing with POPE/POPG (7.5 and 2.5 mg/ml) solubilized in 8% OM at the protein/lipid molar ratio of 1:50. Detergents were removed by mixing with Bio-beads (Bio-Rad) for 1.5 h. The samples, after Bio-bead treatment, were centrifuged for 25 min at 100,000 ϫ g, 4°C, and the pellet was rinsed twice with 140 mM KCl and 20 mM HEPES at pH 7. The pellet was suspended with 10 mM KCl and 2 mM potassium phosphate at Infrared spectroscopy of the TWIK1 K ؉ channel pH 7, and the final protein concentration in the suspension was ϳ1 mg/ml.
ATR-FTIR measurements
A suspension of liposome samples (ϳ6 l) containing ϳ6 g of purified TWIK1 protein was placed on the surface of a diamond ATR crystal (Smith Detection, DurasamplIR II, nine internal reflections with 45°of the incident angle). After drying under a gentle stream of N 2 , the sample was washed with 140 (for K ϩ -monovalent cation exchange, Figs. 2 and 4 ) or 200 mM KCl (for concentration-dependent measurement, Fig. 4 ) and 20 mM HEPES at pH 7 and a flow rate of 1 ml/min for ϳ60 min. The ATR-FTIR spectra of the samples were recorded at 25°C with 2 cm Ϫ1 spectral resolution using a Vertex 70 spectrometer (Bruker Optics, Ettlingen, Germany) equipped with a liquid nitrogen-cooled MCT detector. For K ϩ monovalent cation exchange measurements ( Figs. 3 and 6 ), the perfused buffer solutions were changed to 140 mM KCl and 20 mM HEPES at pH 7 as well as 140 mM NaCl, LiCl, RbCl, CsCl, NH 4 Cl, or NMDG and 20 mM HEPES at pH 7. For K ϩ /Na ϩ concentration-dependent measurements (Fig. 4) , the perfused buffer solutions were changed to 0:200, 100:100, 150 :50, 180:20, 190:10, 197:3, 199:1, 199 .7:0.3, or 199.9:0.1 mM NaCl/KCl in the presence of 20 mM HEPES at pH 7. Before the spectra were measured, the sample was washed with a buffer for ϳ14 min. The IR spectra were recorded by collecting 768 interferograms; this took ϳ11 min. Then, the buffer was changed; the sample was washed, and the spectra were measured again. After the absorption spectra, measurements before and after buffer exchanges were completed four times; the difference spectra were calculated by subtraction, correction of membrane swelling changes, and nonspecific distortions associated with ion exchange according to Lórenz-Fonfría et al. (44) . The absolute absorption spectra of TWIK1 samples immersed in buffer solution (Fig. 1F) were obtained by subtracting the buffer contribution according to Lórenz-Fonfría et al. (44) . tion energy (52, 53) and the RESP scheme (54) to describe the partial charges of the QM subsystem. The long-range electrostatic interactions in the QM/MM calculation were smoothly truncated at 15 Å using the tapering method implemented in the TINKER program (55) . After geometry optimization of the QM subsystem, the vibrational frequencies of the QM subsystem were calculated with a scaling factor of 0.940. In the IR spectrum calculations, we assumed that the probability for the [S0, S2, S4] configuration was identical to that of the [S1, S3] configuration. The QM/MM calculations and our in-house QM/MM routine were performed using the GAMESS program package (56) .
For comparison, we also calculated the IR spectra of the KcsA channel in K ϩ solutions. The X-ray crystal structures of KcsA in high K ϩ concentration conditions (PDB code 1K4C) (2) were used for the initial geometry. As in the case of TWIK1, two configurations, [S0, S2, S4] and [S1, S3], were considered for KcsA. In addition, we calculated the IR spectrum of aqueous NMA as a reference. The NMA system consisted of 1 NMA and 3091 water molecules, and the QM subsystem consisted of 1 NMA and 2 water molecules that hydrogen-bonded with the carbonyl group of NMA. 
